Abstract: π-hydrogen bonding interactions are ubiquitous in both materials and biology. Despite their relatively weak nature great progress has been made in their investigation by experimental and theoretical methods, but this becomes significantly more complicated when secondary intermolecular interactions are present. In this study the effect of successive methyl substitution on the supramolecular structure and interaction energy of indole⋯methylated benzene (ind⋯n-mb, n = 1-6) complexes is probed through a combination of supersonic jet experiment and benchmark quality quantum chemical calculations. It is demonstrated that additional secondary interactions introduce a subtle interplay among electrostatic and dispersion forces, as well as steric repulsion, which fine-tunes the overall structural motif. Resonant TwoPhoton Ionization (R2PI) and IR-UV double resonance spectroscopy techniques were used to probe jet-cooled ind⋯n-mb (n = 2, 3, 6) complexes, with red-shifting of the N-H IR stretching frequency showing that increasing the degree of methyl substitution increases the strength of the primary N-H⋯π interaction. Ab initio harmonic frequency and binding energy calculations confirm this trend for all six complexes. Electronic spectra of the three dimers are broad and structureless, with quantum chemical calculations revealing that this is likely due to multiple tilted conformations of each dimer possessing similar stabilization energies.
Introduction
π-hydrogen bonding interaction plays a pivotal role in the structures of biomolecules and materials as well as biomolecular recognition processes. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] This interaction generally occurs between an X-H donor (X= N, O, S, C etc.) and a π-electron cloud of an aromatic moiety, [9] and has been explored in great detail over the past few decades through various methods like X-ray crystallographic studies, FT-IR, isolated gas phase studies and quantum chemical calculations. It has been noticed that local arrangements and orientations of the X-H… hydrogen bonding interactions in biomolecules are quite intriguing. [8-9, 12-13, 35] Steiner et al. have performed Protein Data Bank (PDB) analysis of high resolution crystal structures of 593 proteins and found that every 11 th aromatic residue in the side chain of proteins is engaged by this interaction. [11] Malone et al. have investigated the preferred geometries and selective orientations of X-H… (phenyl) interactions based on Cambridge Structural Database (CSD) mining along with semi-empirical calculations and reported that more than 50% of N-H…π interactions have a direct interaction of N-H with carbon atoms of the phenyl ring present in proteins. [12] Worth and Wade, in addition to Mitchell and co-workers, have also performed analysis of crystallographic databases of proteins and found that N-H… interaction, in comparison to other types of -hydrogen bonding interactions like C-H… , O-H… etc., has high propensity to occur in proteins. Hence, detailed study of the N-H…π interaction at the quantitative level is important. [13, 32] Given the importance and delicate nature of this weak π-hydrogen bonding interaction, gas phase experiments and theoretical studies are well-suited to explore it at the molecular level. [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] Indeed, a combination of both theory and experiment is often required for a quantitative understanding of the strength, binding motif and underlying nature of many weak intermolecular interactions. [55] [56] [57] This is challenging for several reasons, on the experimental side it is generally difficult to find out the presence of multiple conformations of the complexes with similar binding energies due to low interconversion barrier or their broad electronic spectra and overlapping IR frequencies even in isolated gas phase. From a theoretical point of view, π-hydrogen interactions require a method that provides a balanced description of both electrostatic and dispersion forces; overemphasis of one component is likely to lead to an artificial favoring of incorrect conformations. Basis set superposition error (BSSE) can also be problematic for both interaction energies and structures unless a correction such as the counterpoise (CP) method of Boys and Bernardi is applied. [58] Recent developments in fundamental theoretical chemistry provide some effective solutions to these stumbling-blocks. Explicitly correlated (F12) variants of the coupled cluster with single, double and perturbative triple excitations [CCSD(T)] method provide a route to benchmark quality interaction energies; near complete basis set (CBS) limit data becomes achievable with relatively small orbital basis sets. [59] [60] [61] The effect of BSSE can also be ameliorated through local correlation methods, such as local Møller-Plesset second order perturbation theory (LMP2), that are free from BSSE in electron correlation treatment by construction. [62] Spin-component-scaled (SCS) local correlation methods hold the promise of being accurate and computationally affordable, while avoiding the need for counterpoise correction during geometry optimization. [63] [64] The SCSN re-parameterization of SCS specifically targets weak and stacking interactions and was developed to ensure a more balanced description of hydrogen bonding and dispersion interactions than the original SCS method. [64] This SCSN method has previously been used to successfully investigate intermolecular interactions such as those in nucleic acid base-pair steps, and between aromatic intercalators and nucleic acids. [65] [66] The complementary nature of quantum chemical calculations and exquisite gas phase experiment for probing intermolecular interactions can be illustrated with the extensively investigated example of the benzene dimer. [24-31, 36-37, 67-72] Only the tilted T-shaped structure (C-H⋯π bound) has been observed in the gas phase experiment, although both the T-shaped and the parallel displaced (PD) structures are almost isoenergetic at the CCSD(T)/CBS level of calculation. [24] [25] [36] [37] Similarly the benzene⋯NH3 complex has been studied as a prototype for the N-H⋯π interaction by Rodham et al. using microwave spectroscopy. [34] However, the orientation of an N-H⋯π interaction is not so straightforward when the interaction is between two aromatic moieties, analogous to that for the C-H⋯π interaction in the benzene dimer. Recently, Biswal et al. have reported that the structure of the observed conformer of the indole⋯benzene dimer in the gas phase experiment is a tilted T-shaped with an N-H⋯π hydrogen bond as the primary form of interaction. [23] It is important to mention here that the tilt in the plane of the H-bond donor with respect to the plane of the H-bond acceptor can be defined either by an angle ϕ or θ (see Figure 1) . ϕ is the angle between the plane of the H-bond donor (p) and the normal (n) to the plane of the H-bond acceptor while θ is the angle between the plane of the H-bond acceptor (m) and the plane of the H-bond donor (p). However, the angle θ has been used to define the tilt angle of the dimeric complexes discussed in this article. The tilt angle (θ) reported for the indole⋯benzene complex at the CP-B97-D/TZVPP level of calculation is 53.8°. [23] A T-shaped structure with a similar tilt angle (θ = 55°) has been observed experimentally in the case of pyrrole dimer. [15] , [73] Further, the tilt angles θ in the N-H⋯π bound structures of 2-pyridone⋯benzene and pyrrole⋯benzene dimers are reported to be 78° and 77°, respectively. [20] [21] Das and co-workers observed N-H⋯π hydrogen bonded structures of indole⋯furan and indole⋯thiophene dimers with tilt angles θ of 75° and 55°, respectively. [16] [17] It should be noted that the tilt angles reported in the π-hydrogen bonded structures of 2-pyridone⋯benzene, pyrrole⋯benzene, indole⋯furan and indole⋯thiophene complexes in the literature are defined by the angle ϕ. It is noteworthy that the gas phase experiments combined with theoretical studies show the tilted T-shaped N-H⋯ bound structures of aromatic dimers to be more stable than the idealized T-shaped and PD structures, while the tilt angle of the T-shaped structures varies depending upon the molecular systems chosen for the study. [15, [20] [21] 23] Thus, it is important to understand the factors which influence the tilt angle of these dimeric complexes. Detailed knowledge of these features governing the subtle change in the orientation of two monomeric units will help to tune the overall structural motifs of supramolecular assembly. The tilt in the X--H⋯ bound idealized T-shaped structure consisting of two aromatic moieties occurs due to additional stability originated from π-π stacking and C-H⋯ interactions.
The strength of the X-H⋯ interaction generally varies with the electron density on the -ring in addition to the polarity of the X-H group. Methylation of the aromatic ring acting as a -hydrogen bond acceptor can be an effective way to tune this interaction. However, methyl substitution of the aromatic ring will simultaneously affect the electrostatic, dispersion and steric components of the interaction energy in the complex. Consequently, a subtle balance of these interactions will govern the overall structural motif of the π-hydrogen bonded complexes. Surprisingly, systematic studies of the effect of methyl substitution on the π-hydrogen bonding are sparse in the literature. [15, 22, 53, 74] In a different context, Boxer and co-workers have determined the contribution of electrostatics inhydrogen bonding interaction by studying vibrational stark spectroscopy of complexes of indole/phenol/thiophenol with a series of methyl substituted benzenes. [22, 53] Recently, Das and co-workers have demonstrated how the variation of the heteroatoms in the π-hydrogen bond acceptor ring affects the strength of the interaction. [16] [17] In other work, Dauster et al. have studied FTIR-Jet spectroscopy of complexes of pyrrole with methyl substituted pyrroles and observed an increase in the red-shift in the N-H stretching frequency with increasing methyl substitution in the hydrogen bond acceptor. [15] It has been observed from IR cavity ring down spectroscopy combined with ab initio calculations that the interplanar angle of 2,5-dimethylpyrrole dimer is much larger than that of the pyrrole dimer. [74] In this work, the structures of indole⋯methylated benzene (ind⋯n-mb, n=1-6) dimers are investigated using one-color and twocolor resonant two-photon ionization spectroscopy (1C-and 2C-R2PI), IR-UV double resonance spectroscopy and quantum chemical calculations. It has been observed that the geometries of these complexes, which are generally tilted T-shaped, are stabilized due to the simultaneous presence of N-H⋯ hydrogen bonding, π-π stacking and C-H⋯ interactions. The most important finding of the present investigation is observation of a subtle change in the tilt angle of the structures of the indole⋯methylated benzenes due to stepwise methylation of the benzene ring (π-hydrogen bond acceptor).
Results and Discussion
A. Electronic Spectra 1C-R2PI spectra measured in the mass channels of indole (ind), indole⋯1,4-dimethylbenzene (ind⋯2-mb), indole…1,3,5-trimethylbenzene (ind⋯3-mb) and indole⋯hexamethylbenzene (ind⋯6-mb) dimeric complexes are shown in Figures 2a-d , respectively. Figures S1, S2 and S3 in the supporting information show the TOF mass spectra of the complexes of indole in the presence of 2-mb, 3-mb and 6-mb, respectively. Figure 2a shows the origin band for the S1←S0 transition of indole monomer at 35240 cm -1 and this spectrum nicely corroborates those previously reported. [75] Unlike the electronic spectrum of the indole monomer, the electronic spectra of all the complexes of indole studied here, i.e., ind⋯2-mb, ind⋯3-mb, and ind⋯6mb, show very broad and structureless features. On the other hand, the electronic spectrum of the indole…benzene complex reported in the literature e xhibits only sharp features. [23] Similar broad electronic spectra for indole…methyl benzene (ind⋯1-mb) and ind⋯2-mb complexes were reported by Hager et al. using laser induced fluorescence spectroscopy. [76] They found that the broadening in the electronic spectra of these complexes did not change appreciably even at very low concentrations of 1mb and 2mb. However, the authors noted that the broad background obtained in the electronic spectrum of the indole⋯benzene complex mostly disappeared by lowering the concentration of benzene. Thus, they interpreted the broadening in the electronic spectra of the ind⋯1-mb and ind⋯2-mb complexes in terms of mostly the presence of many unresolved low frequency intermolecular vibrations of multiple conformers and to smaller extent the presence of higher order complexes. Observation of structureless broad electronic spectra of jet-cooled halobenzene clusters and mixed halobenzene⋯benzene clusters due to the presence of multiple isomers and their low frequency intermolecular modes have been reported in great detail in the literature. [77] [78] [79] In this work, the electronic spectra of all the three complexes are also measured at very low concentrations of 2-mb (0.023%), 3-mb (0.11%) and 6-mb (0.008%). Therefore, the contribution of the fragmentation of the higher order clusters into the dimer mass channels to the broadening in the electronic spectra shown in Figures 2b-d is minimal. Rather this broadening most likely arises due to overlapping transitions of multiple isomers and their low frequency intermolecular vibrational modes. Detailed quantum chemical calculations on multiple conformations of these complexes are described in the theoretical section.
To avoid unwanted fragmentation of the higher order clusters into the dimer mass channels, we have also measured 2C-R2PI spectra of the ind⋯3-mb and ind⋯6-mb complexes in the dimer mass channel by fixing the ionization laser at longer wavelength (347 nm). Available excess energy to the ions of these complexes with respect to the ionization potential (IP) of indole in the 2C -R2PI process is 1174 cm -1 while the same in the 1C-R2PI process is 7596 cm -1
. The 2C-R2PI spectra of the ind⋯3-mb and ind⋯6-mb complexes are provided in Figure S4 in the supporting information. The 1C-R2PI spectra of these two complexes are also provided in the same Figure for comparative purposes. It is interesting to note that similar broadening has been observed in the 1C-R2PI and 2C-R2PI spectra of these complexes. A close inspection of Figures S4(c) and S4(d) indicates that the high energy tail and a small hump observed in the 1C-R2PI spectrum of ind⋯6-mb ( Figure 2d ) disappear in the 2C-R2PI spectrum. Thus, there is a small contribution from the fragmentation of the higher order clusters into the dimer mass channel to the broadening of the 1C-R2PI spectrum of ind⋯6-mb. Interestingly, the TOF mass spectrum (see Figure S3 in the supporting Information) recorded by fixing the laser wavelength at the band maxima (34927 cm -1 ) of the ind⋯6-mb dimer reveals the formation of an ind⋯6-mb⋯H2O complex which might fragment to the ind⋯6-mb complex. In fact, the R2PI spectrum measured in the ind⋯6-mb⋯H2O trimer mass channel (see Figure S5 in the supporting information) resembles the small hump observed in the R2PI spectrum of the ind⋯6mb dimer. Similar fragmentation of a trimer into a dimer mass channel has also been reported in our previous studies on indole⋯furan and indole⋯pyridine complexes. [16, 18] It is worth mentioning here that the TOF mass spectra (Figures S1 and S2 in the supporting information) of indole in the presence of 2-mb and 3-mb do not show any higher order clusters of ind⋯2-mb or ind⋯3-mb complexes.
The electronic spectra presented in Figures 2b-d show that the band maxima of ind⋯2-mb, ind⋯3-mb and ind⋯6-mb dimers are red shifted by 246, 254 and 313 cm -1 , respectively, from the origin band of the indole monomer. As the electronic bands of these complexes are extremely broad, it is not possible to assign the origin band of these complexes. However it is clear that the band maxima of the complexes move towards red as the methyl substitution in the benzene ring increases.
B. IR spectra
To determine the structures of the ind⋯2-mb, ind⋯3-mb and ind⋯6-mb dimers observed in the experiment, IR spectra have been measured in the NH stretching frequency region using RIDIR spectroscopy. The IR spectrum presented in Figure 3a shows free NH stretching frequency of the indole monomer at 3526 cm -1 by probing its origin transition. A similar value for the free NH stretching frequency of the indole monomer has been reported in the literature. [80] Figures 3b-d show IR spectra by probing the band maxima of the ind⋯2-mb, ind⋯3-mb and ind⋯6-mb dimers. The IR bands for the N-H stretching vibration in the dimers are red-shifted from that in the bare indole by 65, 73 and 97 cm -1 , respectively. It is instructive to note that indole⋯benzene dimer studied in the gas phase is reported to be bound by N-H⋯hydrogen bonding interaction with a red-shift of 47 cm -1 in the N-H stretching frequency. [23] Thus the IR data obtained here demonstrate that the dimeric complexes of indole and methylated benzenes could also be stabilized by NH⋯hydrogen bonding interaction. However, the red-shift in the N-H stretching frequency increases systematically with the increase of the methyl substitution in the benzene ring. In a different context, in order to quantify the electrostatic component in the X-H⋯ hydrogen bonds, Boxer and co-workers measured solution phase FTIR spectra of indole in mixtures of substituted benzenes and CCl4. [22] They observed red-shift of 59, 66, and 88 cm -1 in the N-H stretching frequency of indole in the presence of 2-mb, 3-mb, and 6-mb, respectively. They also confirmed the hydrogen bonded structure of these complexes from DFT calculations. The excellent agreement between solution phase FTIR and jet-cooled IR spectroscopy data on these molecular complexes is noteworthy. The trend in the observed red-shift in the N-H stretching frequency in the indole⋯methylated benzenes compared to that in the indole⋯benzene complexes is quite logical as the strength of the hydrogen bonding acceptor increases with the increase of the electron donating groups in the benzene ring. A similar trend in the red-shift in the N-H stretching frequency has been reported for the complexes of pyrrole with benzene, pyrrole, 1-methyl pyrrole and 1,2,5-trimethyl pyrrole using either jet-FTIR or jet-IR-UV double resonance spectroscopy. [15, 21] Increase in the red-shift in the N-H stretching frequency with the increase of the strength of the hydrogen bond acceptor has also been observed for the complexes of indole with furan and thiophene. [16] [17] However, as mentioned earlier, the aim of the present work is to explore subtle changes in the structure as well as electrostatic, dispersion and steric interactions with systematic increase of the methyl substitution in the hydrogen bond acceptor moiety of the hydrogen bonded complexes. The following theoretical section is focused on addressing this objective in light of the observed experimental results.
C. Theoretical results
To place the experimental results obtained on the complexes of the methylated benzenes with indole into context, the structures and the properties of the indole⋯benzene (ind⋯ben) complex have been investigated using theoretical calculations. Recently, Biswal et al. reported four conformers of ind⋯ben, namely parallel displaced (PD), T-shaped (T), tilted parallel displaced (tilted PD) and tilted Tshaped (tilted T) using a variety of quantum chemical theories (DF-MP2, B97-D, PBE1-DCP) although only the tilted T structure was observed in their gas phase experiment. [23] It is worth mentioning that they did not find all four conformers at a single level of theory.
In the present study the structures of these four conformers have been optimized at the SCSN level of theory. A normal mode analysis reveals that the T structure is a transition state between two symmetrical tilted T conformers. To avoid any confusion between the tilted T and tilted PD nomenclature herein these two structures are referred to as tilted structure 1 (Tilted S1) and tilted structure 2 (Tilted S2), respectively, with respect to the definition provided in the Figure 1 . The structures of the three stable conformers of the ind…ben complex optimized at the SCSN level of theory are shown in Figure 4 , while the optimized SCSN parameters (R and θ) for all the four conformers are presented in Table 1 . In the following the energy of the interaction between subunits is presented as both binding energy and interaction energy. The former denotes the difference in energy between the optimized geometry of the complex and the energies of the two subunits in their isolated geometries, with ZPE corrections applied. Meanwhile, the interaction energy freezes the subunits in their interacting geometry, without ZPE correction. The interaction energy is necessary for comparison with results from symmetry adapted perturbation theory (SAPT). To facilitate comparison with experiment, the SCSN harmonic vibrational frequencies of the N-H stretch have been scaled by a constant factor of 0.92726, which was obtained by comparing the SCSN frequency of this mode in isolated indole with the experimental value of 3526 cm -1 . These scaled frequencies are presented alongside the SCSN binding energies in Table I . Single point CCSD(T*)-F12a binding energies are also computed for the SCSN structures, with the SCSN ZPE correction applied to produce a binding energy. From Table I it can be seen that the PD structure is less strongly bound than the other conformers by roughly 0.5 kcal/mol. The N-H stretching frequency of PD is also shifted relative to the other conformers and the experimental value. The N-H frequency and binding energy of the three remaining conformations (recalling that the T-shaped structure is a transition state) are very similar. This is especially apparent for the CCSD(T*)-F12a binding energies where the agreement is within 0.03 kcal/mol, and the vibrational frequencies have a range of 18 cm -1 . If the T-shaped structure is discounted then the agreement between the structures improves to 0.02 kcal/mol and 3 cm -1 , beyond reasonable estimates for the accuracy of the methods used. The T conformation is a transition state, but the data are provided for comparative purposes.
c FDIR data from Biswal et al. [23] d MATI data from Braun et al. [14] The agreement with experiment is also excellent, roughly 10 cm -1 for the N-H stretching frequency and 0.1 kcal/mol for the binding energy. This clearly indicates that both tilted S1 and tilted S2 can be assigned as the structures of the ind⋯ben dimer and that a mixture of these two conformers may be observed. The previous work of Biswal et al. used DFT based methods to conclude an assignment of the tilted T-shaped (named here as tilted S1) structure, but the tilted PD (named here as tilted S2) structure was not located with the functionals selected in that investigation. [23] The The decomposition of the interaction energy into the chemically familiar terms of electrostatic, exchange, induction and dispersion was carried out at the SAPT2+ level. In order to analyze the resulting data, the electrostatic, induction and dispersion contributions are presented in Figure 5 as percentages of the exchange term, which eases the comparison of the data for different conformers. The individual energetic contributions of all the four terms are tabulated in the Table S1 of the supporting information. The trends in Figure 5 are somewhat as expected, the PD conformer has a reduced electrostatic contribution compared to the structures with an N-H⋯interaction and is overall dominated by dispersion. PD and T-shaped conformers of ind⋯ben dimer are included in the S22 database of non-covalent interactions, and previous DFT-SAPT calculations on the structures provided in that database have defined the interactions as dispersion-dominated and mixed-character, respectively, which is in good agreement with the present results. [81] The tilted S1 and tilted S2 conformers, which represent more stable interactions than the structures in the S22 database, have a very similar SAPT decomposition that, like the T conformer, is described as a mixed-character interaction using the same criteria of Gráfová et al. [81] When complexes of methylated benzenes with indole are considered it is quickly apparent that there are a number of minima on each potential energy surface. In some cases idealized PD and T-shaped conformers are located, but their binding energies indicate that they are somewhat less stable than the tilted conformers with a primary N-H⋯π interaction. Within those tilted conformers there are two main classes of complex, separated by a difference in secondary C-H⋯π interactions. These interactions are between a methyl hydrogen on the substituted benzene and either the phenyl ring (Tilted S1) or the pyrrole ring (Tilted S2) of the indole sub-unit. A conformation with a C-H⋯π interaction between a methyl hydrogen on the substituted benzene and the pyrrole ring of the indole moiety also exists with a different tilt angle relative to tilted S2 and is named tilted S2a. The structures of the stable conformers of the complexes of indole with methylated benzenes calculated at the SCSN/aVTZ* level are presented in Figure 6 Binding energies, relevant intermolecular geometrical parameters (R and ) and NH stretching frequencies of different conformers of the complexes of indole with methylated benzenes calculated at the SCSN/aVTZ* level of theory are listed in Table II . It can be seen from Table II that as the benzene moiety becomes increasingly methylated the magnitude of the binding energy increases and the N-H stretching frequency is red shifted, indicating a greater interaction between indole N-H and the substituted benzene. These results are in good agreement with the experimental IR spectra of the indole…methylated benzenes presented in Figure 3 . A comparison of the binding energies of different conformers of the indole…methylated benzenes listed in Table II reveals that the conformers with a phenyl⋯methyl (Tilted S1) secondary interaction are slightly more strongly bound than those with a pyrrole⋯methyl (Tilted S2 or Tilted S2a) secondary interaction (by an average of 0.19 kcal/mol).
As mentioned earlier, the PD structure is not stable in the case of most complexes and its binding energy is much less compared to that of the tilted T structures. Also, the N-H stretching frequency of the PD conformer is similar to that of the indole monomer while the experimental IR spectra of all the complexes studied here are significantly red-shifted from that of the monomer. Hence, the presence of the PD conformer in the experiment can be easily excluded.
On the other hand, the difference in the binding energies of all three tilted structures is very small and their N-H stretching frequencies are also within 15-20 cm -1 of the experimental values. It is instructive here to recall the experimental N-H stretching frequencies of ind … 2-mb, ind … 3-mb, and ind … 6-mb complexes, which are 3461, 3453, and 3429 cm -1 , respectively. It is note-worthy that the observed N-H stretching frequencies of the three complexes shown in Figure 3 are more consistent with those for the tilted S2 conformer obtained from the calculations. However the binding energies are more reliable than the calculated frequencies which are computed according to harmonic approximation. The scaling factor based on the monomer which is used to correct the harmonic frequencies of the complexes has also some error as the N-H group in the monomer is not similar to that in the complex. Moreover the binding energies are calculated at a very high level of theory and these energies have an excellent agreement with those calculated at the CCSD(T * )-F12a level of theory. It is also the fact that the tilted S1 is the most stable structure in the case of all the complexes and thus the possibility of the observation of this structure in the experiment could not be excluded. Thus it could be concluded that all three tilted structures (Tilted S1, Tilted S2 and Tilted S2a) of indole … methylated benzenes may be present in the experiment and the broadening in the R2PI spectra of these complexes is likely due to their overlapping electronic transitions as well as unresolved low frequency intermolecular vibrations. Specifically, the two tilted structures (Tilted S2 and Tilted S2a) having secondary C-H⋯π interaction between the methyl C-H and pyrrole ring of the indole moiety are very close in energy and N-H stretching frequencies of both the conformations are within 3-5 cm -1 of the experimental values. The C-H stretching frequency could not be probed through experiment as the IR intensity of the C-H transition has been found to be very weak. Interaction energies (without relaxation of the monomers into their isolated geometries or ZPE correction) of the tilted S1 structure of indole … methylated benzenes calculated at the SCSN level are also compared with those obtained at the CCSD(T*)-F12a and other levels of calculations in Table III . It is seen that the agreement between SCSN and CCSD(T*)-F12a level values is again remarkable here. This provides additional confidence in the interpretation of the observed broad electronic spectra of indole … methylated benzenes in terms of overlapping electronic transitions of multiple conformers with closely spaced energies. The B97-D method overestimates the strength of the interaction, in some cases by greater than 1 kcal/mol, bringing into question its suitability for investigating interactions of the type observed in the present complexes. It should be noted that the interaction energy of ind … 6-mb could not be calculated at the CCSD(T*)-F12a level due to prohibitively large computational cost. Binding energies (BE), intermolecular parameters (R, θ) and scaled N-H stretching frequencies ((N-H) 
Complex
Conformer SAPT decomposition of the interaction energies of the lowest energy tilted structures (Tilted S1) of indole … methylated benzenes calculated at the SAPT2+/aVDZ level of theory is provided in Table IV . To aid in the interpretation of the SAPT decomposition, contributions of various components of the interaction energies are plotted as a percentage of the exchange term (Figure 7) , where the variation between the different complexes is small. It is intriguing to note that methyl substitution in the π-hydrogen bond acceptor moiety enhances the electrostatic, dispersion and exchange-repulsion in the complexes at the same time. However, the increase in the exchange repulsion and dispersion components is slightly greater than that in the electrostatic component as the degree of methylation is increased. Using the established guidelines of Gráfová et al., the interactions can be classified as mixed-character, with the 5-mb and 6-mb complexes becoming slightly more dispersion dominated. [81] Table IV . SAPT decomposition of the interaction energies (kcal/mol) of the Tilted S1 structure of indole ... methylated benzenes calculated at the SAPT2+/aVDZ level of theory Figure 7 . SAPT decomposition (SAPT2+/aVDZ) of the interaction energy in the Tilted T1 structure of the indole…methylated benzenes presented as percentages of the exchange term.
Conclusions
An in-depth understanding of the co-operative nature of multiple types of weak inter-and intra-molecular interactions is essential for the design and synthesis of advanced materials through self-assembly. The present work demonstrates that the structures of complexes of indole with n-methylated benzene (ind … n-mb, n = 1-6) are determined by a primary N-H⋯π interaction, along with secondary C-H⋯π and π⋯π interactions. This corresponds to a delicate balance of steric crowding with electrostatic and dispersion forces, which has been determined through a combination of supersonic jet experiments and quantum chemical calculations.
Experimental data have been obtained for ind … n-mb with n = 2, 3, and 6 in a supersonic jet using one-color and two-color R2PI, IR-UV double resonance spectroscopic techniques, while quantum chemical calculations have been performed on all six complexes of indole with methylated benzenes. The electronic spectra of the three ind … n-mb (n = 2, 3, 6) dimers measured by S1S0 excitation of the indole moiety using R2PI spectroscopy are completely broad and structureless. Comparison of the experimental IR spectra (N-H stretch region) with the computed SCSN IR spectra of various conformers of ind … n-mb complexes reveal that multiple tilted structures (denoted tilted S1, tilted S2 and tilted S2a) possessing similar interaction energies and N-H stretching frequencies are present in the experiment. Therefore, broadening in the electronic spectra of these complexes may be due to the overlapping electronic transitions of multiple tilted conformers as well as their unresolved low frequency intermolecular vibrations. The current work employing SCSN and CCSD(T*)-F12a calculations also highlights that at least two tilted structures could be responsible for the observed electronic spectrum of indole … benzene reported in the literature. The IR spectra also display an increase in the red-shift of the N-H stretching frequency as the number of methyl groups is incremented. This increase in strength of the N-H⋯π interaction is also reflected in the benchmark quality interaction energies calculated for all six complexes. Analysis of the optimized structures indicates that the tilted ind … n-mb complexes are primarily bound by an N-H⋯π interaction, with additional stability due to C-H⋯π and π⋯π secondary interactions. Computed binding energies favor the tilted S1 conformations, which possess a C-H⋯π interaction between a methyl hydrogen and the phenyl ring of the indole. Any parallel displaced structures located on the potential energy hypersurface are significantly less strongly bound than the tilted motifs. It is striking that the tilted S1 angle () in ind … 1mb complexes changes greatly compared to that in ind … ben but the tilt angles don't change very much for successive methylation. SAPT-based decomposition of the interaction energies highlights that the ind … n-mb complexes fall into the category of mixed complexes having significant contributions from both electrostatic and dispersion interactions. Overall, the present work clearly shows how subtle interplay among different components of the interaction energy in weakly bound intermolecular complexes, i.e. electrostatic, dispersion and steric repulsion, govern the specific structural motif.
Experimental Section
The experimental setup has been described in detail elsewhere and only a brief description has been provided here. [18] The experiments were performed using a home-built jet-cooled resonantly enhanced multi-photon ionization (REMPI) time-of-flight mass spectrometer (TOFMS). The heterodimers of indole (ind) with 1,4-dimethylbenzene (2-mb), 1,3,5-trimethylbenzene (3-mb) and hexamethylbenzene (6-mb) were synthesized in a supersonic jet. Indole (99.99%, Sigma-Aldrich) was placed in a stainless steel sample holder kept behind the pulsed valve (0.5 mm diameter nozzle, General valve, series 9, rep. rate 10 Hz) and heated at 80 °C. Argon (40 psig) as a buffer gas was bubbled through 2-mb (99%, Sigma-Aldrich), 3-mb (98% Sigma-Aldrich) and 6-mb (99%, Sigma-Aldrich) maintained at -78 °C, 25 °C and 75 °C, respectively and co-expanded with indole through the nozzle.
The jet-cooled molecular beam of the complexes was ionized using one-color and two-color resonant two photon ionization (1C/2C-R2PI) spectroscopy. Frequency doubled output (about 250 J pulse energy) of a tunable dye laser (ND6000, Continuum) pumped by second harmonic of a Nd:YAG laser (nanosecond, 10 Hz, Surelite II-10, Continuum) was used for 1C-R2PI. For the 2C-R2PI spectroscopy, the same dye laser (about 80 J pulse energy) was used as the excitation laser and about 800 J pulse energy from another dye laser (ND6000, Continuum) was used as for the ionization. Mass-selected ions were detected in a time-of-flight mass spectrometer (Jordan TOF products). The ion signal from the detector was amplified by a preamplifier (SRS, Model SR445A) and further sent to a digital oscilloscope (Tektronix, 350 MHz, DPO 4034) interfaced with a computer. Home-built LabVIEW (National Instruments, 8.6 version) based programs were used for the data acquisition. A digital delay generator (BNC, Model 575) was used for synchronization of various lasers and the pulsed valve.
Resonant ion dip infrared spectroscopy (RIDIRS) was used to measure the IR spectra of the complexes. In this technique, counter-propagating IR laser beam (pulse energy 2-3 mJ) and UV laser beam (pulse energy 250 J) were spatially overlapped and intersected by the molecular beam at a right angle. The IR laser was fired 100 ns prior to the UV laser and scanned through the vibrational transitions in the ground electronic state while the UV laser was fixed to a particular transition in the R2PI spectrum of the dimer. A depletion in the R2PI ion signal occurs when the IR laser frequency matches with any vibrational transition of the dimer. Tunable IR laser radiation of typical resolution of about 2-3 cm 
Computational Section
Geometry optimizations and the numerical calculation of harmonic vibrational frequencies were carried out in molpro [82] [83] with the density fitted SCSN local Møller-Plesset second order perturbation theory (DF-SCSN-LMP2) method, where SCSN denotes that SCS parameters were selected that have been optimized for weak and stacking interactions. [63] [64] The parallel-spin electron pair contribution to the MP2 energy is scaled by a factor of 1.76
and the antiparallel contribution is neglected. An aVTZ* basis was used, which represents the correlation consistent cc-pVTZ basis on H atoms and aug-cc-pVTZ on all other atoms. [84] [85] The DF-SCSN-LMP2/aVTZ* level of theory will be referred to as simply SCSN herein. The Hartree-Fock reference was density fitted using the cc-pVTZ/JKFit auxiliary basis set of Weigend, while density fitting at the MP2 level used the aug-cc-pVTZ/MP2Fit auxiliary sets of Weigend et al. [86] [87] The local electron correlation treatment carried out the orbital domain selection as described by Boughton and
Pulay with a completeness criterion of 0.985, a minimum Mulliken charge of 0.18 was required for a hydrogen atom to be included in a domain, and all domains with two or more atoms in common were merged. [88] [89] [90] Orbital localisation was performed using the Pipek-Mezey method and to ensure well localised orbitals the two most diffuse functions of each angular momentum type were deleted by eliminating their contribution to the localisation criterion. [91] Both the geometry optimisation and frequency calculations were carried out with so-called floating domains, which have been demonstrated to introduce almost negligible errors relative to frozen domains. [92] The SCSN single point calculations of the interaction energy used frozen domains determined at an intermolecular separation of 100 Å.
DFT calculations were carried out using the B97 functional, with an empirical dispersion correction (B97-D), in the Gaussian09 program package. [93] [94] [95] These calculations used the cc-pVTZ basis for all elements and a pruned integration grid with 99 radial shells and 590 angular points per shell. The DFT interaction energies were corrected for basis set superposition error (BSSE) with the counterpoise (CP) method of Boys and Bernardi, but the geometry optimisation and Hessian calculations were not corrected. [58] The local correlation methods are free from BSSE by construction (although the small degree of BSSE from the Hartree-Fock reference remains), meaning that SCSN does not require CP correction. [96] Explicitly correlated coupled cluster with single, double and perturbative triple excitations [CCSD(T*)-F12a] CP-corrected single point interaction energies were calculated on the SCSN optimised geometries using the aug-cc-pVDZ basis set and the matching OptRI auxiliary basis of Yousaf and Peterson, with a geminal Slater exponent of 1.1 0 −1 . [59, [97] [98] The (T*) denotes that the perturbative triples, which are not explicitly correlated, were scaled as:
To ensure size-consistency, the scaling factor for the dimer was also used for each individual sub-unit. [99] This model chemistry was recently demonstrated to produce very small mean absolute errors (0.10 kcal mol -1 ) relative to a database of rigorous benchmark interaction energies. [100] SAPT calculations were carried out at the SAPT2+/aug-cc-pVDZ level on the SCSN geometries. [101] This SAPT model chemistry was recently recommended as a "silver standard" for the calculation of non-covalent interaction energies, with a mean absolute error of 0.30 kcal mol -1 when compared to a relatively large database of benchmark quality data. [102] The gold standard of SAPT2+(3)δMP2/aug-cc-pVTZ is beyond the reach of the computational resources available to the current investigation. The SAPT calculations were carried out using density fitting and MP2 natural orbital approximations in the Psi4 (beta 5) program, and the SAPT terms have been collected into a "chemist's grouping" that is fully detailed in the supporting information. [103] [104] 
